This paper presents a strategy meant to allow anthropomorphic robot hands to grasp objects of unknown shape in imitation of the human grasping reflex. A 10-month-old baby may bend his/her thumb and four fingers in an attempt to grasp an object when it comes in contact with the palm. After grasping it, if the object is attempted to be removed from the baby's hand, the baby holds the object more strongly. In addition, the palm of the hand often makes initial contact with the object very lightly. This reaction is called the grasping reflex. In the proposed grasping strategy, each joint of the thumb and the fingers of a robot hand is controlled independently using the contact force affecting its adjacent fingertip side-link to imitate the grasping reflex. By setting a suitable contact force, the robot can grasp an object by both the fingertips as well as an enveloping grasp involving the palm at a uniform grasping force. Experimental results regarding the grasping of three-dimensional objects of unknown shape by an anthropomorphic robot hand called the Gifu Hand III are shown.
Introduction
It is strongly expected that forthcoming humanoid robots will execute various complicated tasks based on communication with a human user. These humanoid robots will be equipped with anthropomorphic robot hands much like the human hand, and will eventually supplant human labor in the execution of intricate and dangerous tasks in areas such as manufacturing, space, the seabed and so on. It is expected that such robots will be able to grasp and manipulate objects whose shapes are not programmed into the robot.
A human can manipulate an unknown object using information obtained from a distributed tactile organ. Some studies have proposed a method to control the grasping of an unknown object using a tactile sensor or a force sensor based on an engineered approach (1) - (6) . Endo (1) proposed a method for controlling a grasping motion using local tactile information. Maekawa (2) proposed a control method for dynamical grip strength while maintaining the stability of fingertip contacts. Konno (5) considered grasping unknown objects by groping, while Maeno (7) proposed a method for controlling grasping force modeled on the human grasping motion. However, these studies involve the robot hand grasping only a simple shaped object such as a sphere, rectangular prism and so on. Moreover, a sequence strategy from grasping an object to handling external forces has not been considered. One of the abilities essential for grasping and manipulating an object in humans is the grasping reflex, which appears during the postnatal period. This grasping reflex is considered an essential action for survival as a means of physically acquiring (a grasping action) and keeping (a withholding action) an object. It seems that the object is grasped with uniform contact force even if the object's geometrical form is unknown. It is considered that a robot hand having a grasping reflex should be able to easily grasp various unknown objects including soft objects (8) .
This paper presents a grasping strategy imitating the human grasping reflex as a means to allow the robot to grasp various unknown objects. The newly developed anthropomorphic robot hand, named the "Gifu hand III," which can realize dexterous object grasping and manipulation, is presented. An opposable thumb is proposed for grasping and manipulating the object, and a grasping strategy imitating the human grasping reflex is proposed. This grasping strategy involves three actions: a modifying action which adjusts the grasping position, a grasping action which ensures a positive grasp, and a withholding action which prevents the object's release. Experiments regarding the grasping of certain objects show that a dexterous grasp of an object can be realized using a simple control strategy.
Anthropomorphic Robot Hand: Gifu Hand II
Recently, robot hands with built-in actuators (9) - (11) have been developed. However, these hands present a problem in that their movement is unlike the human hand because of an insufficient number of fingers and finger joints. Our group developed the Gifu Hand I (12) and the Gifu Hand II (13) . The Gifu Hand is a 5-fingered hand driven by built-in servomotors, and has 20 joints with 16 DOF. To reduce the backlash in the gear transmission, which appears after long operation, the Gifu Hand underwent modification. This paper presents the improved robot hand called the Gifu Hand III. An overview of the Gifu hand III is shown in Fig. 1 . The right and left hands are symmetrically designed and each has a thumb and four fingers. The design mechanisms of the thumb and fingers are shown in Fig. 2 . The servomotors and joints are numbered from the palm to the fingertip. The thumb has 4 joints with 4 DOF and each of the fingers has 4 joints with 3 DOF. The movement of the first joint of the thumb and of the fingers allows adduction and abduction, and that of the second joint to the fourth joint allows anteflexion and retroflexion. Thus, the Gifu hand III has 20 joints with 16 DOF. characteristics of the Gifu hand III. The design concept of the new robot hand depends on that of the Gifu Hand II. The transmission structure is improved to decrease the joint backlash to less than 1.0 degree after long operation. The robot hand retroflexes to -10 degrees and has the same range of motion as the human hand (14) . Additionally, the joints' minimum bandwidth is 7.4Hz, while that of the human finger is, at most, 5.5Hz. This means that the robot hand can move more quickly than the human hand.
Thumb Opposability
The thumb of the human hand can move in opposition to all four fingers. The dexterity of the human hand in manipulating an object is based on thumb opposability (15) . The robot hand was designed to mimic the high degree of opposability of the human thumb.
To our knowledge, a method to evaluate thumb opposability has not yet been proposed. In order to evaluate it quantitatively, a performance index is defined by
where i v denotes the volume of intersection between the mobility space of the thumb and that of the i-th finger, k denotes the number of the finger except the thumb, d is the longest length between the thumb and fingers, and i w is a weighting coefficient. The thumb of the human hand plays an important role in grasping objects. The authors surmise that ranks of the digits contributing to grasping and manipulating objects ranges from the index finger to the little finger. Fingertip pinching forces between the thumb and the index, middle, ring, or little finger were measured. The subjects included 10 adult men. Accordingly, average and standard deviation in the case of the index finger was found to be 15.67N and 3.76N, respectively. The ratios of the average of the fingertips' respective forces are: the index finger = 1.0, the middle finger = 0.9, the ring finger = 0.5, and the little finger = 0.4. The weighting coefficients, i w , are proportional to these rations. The performance index of the Gifu Hand III ( 0355 . 0 = J ), is 7.1 times better than that of the Gifu Hand II ( 0050 . 0 = J ). The Gifu Hand III can grasp and manipulate an object over a broad range of fingertip positions.
Planar Four-Bar Linkage Mechanism
In the human hand, the fourth joint angle engages with the third joint angle almost linearly. In the Gifu Hand III, the fourth joint is driven by a planar four-bar linkage mechanism as shown in Fig. 3 (a) . The relation between the third joint angle and the fourth joint angle is given as follows: 
l is the length of the connection link, and the suffix i refers to the i-th finger. The previous paper (12) proposed a recursive numerical computation method for the fourth joint angle. However, that approach was time consuming. The present paper clarifies an explicit relation between the third joint angle and the fourth joint angle. Equation (2) degrees. This shows that the fourth joint of the robot finger can engage the third joint almost linearly in the manner of a human finger.
Distributed Tactile Sensor
Tactile sensors are mounted on the surfaces of the fingers and palm to pinch and envelop grasped objects. The tactile sensor is composed of grid-pattern electrodes and uses conductive ink in which the electric resistance changes in proportion to the pressure on the top and bottom of a thin film. The tactile sensor's insensitive area, i.e., a non-measuring area even if contact occurs, is 16.7% of the whole area, as described in Ref. (13) . A distributed tactile sensor developed in cooperation with the Nitta Corporation for the Gifu Hand III is shown in Fig. 4 . The characteristics of the tactile sensor are shown in Table 2 . The electrode column width, the electrode row width, the column pitch, and the row pitch are modified dimensions of the Gifu Hand II. The insensitive area is increased to 59.1%. Moreover, the numbers of detecting points on the palm, thumb, and each of the fingers are 313, 126, and 105, respectively, with the total number of detecting points being 859. As a result, the tactile sensor for the Gifu Hand III is expanded by 235 points relative to that of the Gifu Hand II. These improvements allow the Gifu Hand III to identify tactile information more accurately.
The effectiveness of the developed tactile sensor has been demonstrated experimentally. Figure 5 shows sequences of tactile output when an edge line of a rectangular solid is rotated on the palm equipped with the tactile sensor of Gifu Hand III overlapping that of Gifu Hand II. The average number of cell for detecting contact points for the Gifu Hand II and for the Gifu Hand III is 6.40 and 9.80, respectively, "cell" meaning the number of intersecting points between a row electrode and a column one. Because dimensions of each cell of the Gifu Hand III are smaller than those of the Gifu Hand II, it can more accurately detect contact points.
The fingertips can be fitted with 6-axis force sensors (BL. AUTOTEC Company), allow the robot to manipulate an object softly and control compliance for the robot hand's fingertips.
Grasping Strategy Imitating Human Grasping Reflex
This paper proposes a grasping strategy imitating the human grasping reflex in regard to an object with an unknown shape. A baby at about 10 months of age may bend his/her thumb and four fingers and grasp a rod when it is in contact with the palm. After grasping, if the rod is plucked from the baby's hand, the baby holds the rod more strongly. This reaction, as mentioned earlier, is called the grasping reflex. This grasping reflex consists of two actions (16) :
1) Grasping action: generated when an object comes in contact with the hand.
2) Withholding action: generated when an object is plucked from the hand. In this section, the grasping strategy imitating these two actions will be considered.
Modifying Action of Grasping Position
Successfully grasping an object depends on the initial grasping position. In order to enhance the potential realization of stable grasping, the initial grasping position is modified by controlling the robot's arm's position. When an object comes in contact with the palm or fingers, the arm is moved by force control in a normal direction and is moved by position control in a tangential direction. The hybrid control moves the initial grasping position to the center of the palm. Here, the position of the grasped object is fixed in an external environment.
Grasping Action
Grasping an unknown-shaped object is made more secure by maximizing the number of contact points and enveloping the object. Moreover, it is expected that the object will be firmly grasped by the enveloping grasp. The proposed grasping strategy is outlined below.
Anteflexion and Retroflexion
When an object comes into contact with the hand, joints 2 to 4 of the thumb and the fingers are controlled independently to generate flexion such that the force of the side link of each joint of the adjacent fingertips equals a desired force. Figure 6 shows a contact state between the i-th finger and an object, where ij q and ik F are, respectively, the angle of the j-th joint and the total contact force of the k-th link ( 1 − = j k ) at the i-th finger. It seems reasonable that a velocity control be adopted at the non-contact state and a force control adopted at a contact state. Motor input ij τ , which drives the j-th joint of the i-th finger, is given by
where ij V K is the velocity feedback gain of the j-th joint of the i-th finger, and
is the desired velocity of the j-th joint of the i-th finger. Each desired joint velocity is set by velocity control in a non-contact state and force control in a contact state. The control performance depends on the contact points described in Ref. (8) , because this method controls only the force feedback without information regarding the contact points. This paper proposes a control method using feedback torque equivalent to contact force as follows: 
where cik r is the contact point. The desired velocities on the hand's base side are set at larger values than on the fingertips' side. The link on the hand's base side generally makes first contact with the object. The robot hand can grasp the object at a constant contact force by setting the same desired forces. The fourth joint of each finger, excluding the thumb, cannot be driven directly because it is engaged with the third joint through the planar F . This method controls the finger joints independently using tactile information. It is noted that pinching by the fingertips is possible by setting a suitable desired velocity dij q .
Adduction and Abduction
The first joint is controlled to generate abduction and adduction according to the object's size. In order to realize this action, joint 1 of the thumb and each of the fingers is controlled by position and velocity control given by ( )
is the position feedback gain,
is the velocity feedback gain, and
is the desired joint angle. The desired joint angle is designed so that the center line on the surface of the thumb and each of the fingers coincides with the contact line, which runs from the axis of the first joint to the contact points using the least square method, as shown in Fig. 7 . It is expected that the robot's grasp will more stable because the contact points come into line with a central line of the fingers.
Withholding Action
A withholding action occurs when the object is attempted to be removed from the hand. If an external force is applied to the grasped object, a constant grasping force cannot maintain its hold on the object. Therefore, a Euclidean norm of contact position velocity, 2 c v , is added to the desired contact force, dik F , to maintain the grasping against the external force:
where VCik K is constant.
The three actions mentioned above constitute the proposed grasping strategy. The strategy is very simple, yet it can dexterously grasp objects of unknown shape because it does not depend on information regarding the shape of the object.
Experiments

Experimental System
Experiments demonstrate the effectiveness of the proposed grasping strategy using the Gifu Hand III. Figure 8 shows the developed PC-based control system for the experiments. The ART-Linux operating system is used for the robot hand, the 6-DOF robot arm (VS6354B, DENSO Company), and tactile sensor, this being a real-time operating system. The sampling cycles of the hand and arm controller are 1ms and 2ms, respectively. The tactile sensor output is processed by a PC with a 10ms period. The measured tactile data are transported to the hand and arm control PCs through a TCP/IP. The data sent from the distributed tactile sensor can easily be contaminated by noise since the circuit pattern is composed of electro rods. Therefore, tactile data are run through a low-pass filter having a cutoff frequency of 10.0 Hz. Figure 9 shows the grasping sequence regarding a spherical object having a diameter of 110mm.
Experimental Results
The Control of adduction and abduction affects the robot hand when grasping a small object or an object with a complicated shape. The experimental results of the hand grasping a sphere with a diameter of 90mm are shown in Fig. 11 . The results of control without adduction and abduction and with adduction and abduction are shown in Figs. 11(a) and (b) , respectively. The robot grasps the object without dropping it in spite of varying the object's size. The grasping forces when adduction and abduction are controlled are show in Fig. 12 . When the robot hand comes in contact with object, the desired velocity To demonstrate the effectiveness of the withholding action, the robot hand grasps a cylinder with a diameter of 80mm and a mass of 101g. A weight with a mass of 302g is dropped within the cylinder and slipping motion occurs. The features of the initial grasping state and withholding state are shown in Fig. 13 . The velocity of the contact point, i.e., a variation of the centroidal point of all contact points, and contact forces (which are those of finger 1, finger 3, and the thumb) are shown in Fig. 14. Fingers 2 and 4 contact the object at non-measurable areas of the tactile sensor. Threshold of transition from a grasping action to withholding action is set at 10mm/sec. This demonstrates the robot hand's success in grasping the object, and in increasing the contact velocity and contact forces. Figure 15 shows various objects being grasped, these including a cylinder, a quadratic The experimental results show that the proposed grasping reflex control is effective for unknown-shaped objects, as mentioned above.
Conclusion
This paper has considered providing a robot hand the ability to grasp objects of unknown shapes using tactile information. Grasping experiments are used to evaluate the performance of the newly developed anthropomorphic robot hand, the Gifu hand III. The robot's proposed opposable thumb, intended to play an essential role in the grasping and manipulating of an object, was evaluated. The distributed tactile sensor containing 859 detecting points can be attached to the surface of the robot's fingers and palm, allowing the robot to dexterously grasp and manipulate objects. A grasping strategy imitating the human grasping reflex has been proposed, this grasping system being comprised of three actions: a modifying action which improves grasping position, a grasping action which ensures positive grasping, and a withholding action which prevents the release of the object. Experiments involving the grasping of certain objects showed that an object can be grasped dexterously though the use of a simple control strategy that does not depend on knowledge of an object's shape, thus allowing the robot hand to grasp objects whose shapes are unknown. This strategy can be applied to the care of elderly people and patients in welfare and medical care centers. 
